We present a neutron-scattering study of depletion interactions in a mixture of a hard-sphere-like colloid and a nonadsorbing polymer. By matching the scattering length density of the solvent with that of the polymer, we measured the partial structure factor S c (Q) for the colloidal particles. It is found that the measured S c (Q) for different colloid and polymer concentrations can be well described by an effective interaction potential U(r) for the polymer-induced depletion attraction between the colloidal particles. The magnitude of the attraction is found to increase linearly with the polymer concentration, but it levels off at higher polymer concentrations. This reduction in the depletion attraction presumably arises from the polymer-polymer interactions. The experiment demonstrates the effectiveness of using a nonadsorbing polymer to control the magnitude as well as the range of the interaction between the colloidal particles. ͓S1063-651X͑96͒10911-9͔
I. INTRODUCTION
Microscopic interactions between colloidal particles in polymer solutions control the phase stability of many colloid-polymer mixtures, which are directly of interest to industries. Lubricating oils and paint are examples of the colloid-polymer mixtures in which phase stability is desired. The interaction between the colloidal particles can be expressed in terms of an effective potential U(r), which is the work required to bring two colloidal particles from infinity to a distance r in a given polymer solution ͓1͔. In the study of the interactions in colloid-polymer mixtures, it is important to distinguish between polymers that are adsorbed on the colloidal surfaces and those that are free in solutions, because the two situations usually lead to qualitatively different effects. In a mixture of a colloid and a nonadsorbing polymer, the potential U(r) can develop an attractive well because of the depletion effect ͓1,2͔ in that the polymer chains are expelled from the region between two colloidal particles when their surface separation becomes smaller than the size of the polymer chains. The exclusion of polymer molecules from the space between the colloidal particles leads to an unbalanced osmotic pressure difference pushing the colloidal particles together, which results in an effective attraction between the two colloidal particles. If the attraction is large enough, phase separation occurs in the colloid-polymer mixture ͓3,4͔. In the case of adsorption, the adsorbed polymer chains, in a good solvent, resist the approach of other surfaces through a loss of conformational entropy. Colloidal surfaces are then maintained at separations large enough to damp any attractions due to the depletion effect or Londonvan der Waals force and the colloidal suspension is stabilized ͓5,6͔.
In addition to its important practical applications, the study of the colloid-polymer mixtures is also of fundamental interest in statistical mechanics. The recent theoretical calculations ͓7-10͔ for the entropy-driven phase separation in binary mixtures of hard spheres have stimulated considerable experimental efforts to study the phase behavior of various binary mixtures, such as liquid emulsions ͓11͔, binary colloidal mixtures ͓12-15͔, colloid-surfactant mixtures ͓16͔, binary emulsions ͓17͔, and mixtures of colloids with nonadsorbing polymers ͓18͔. While it is successful in explaining the phase behavior of these mixtures, the binary hard-sphere model is nevertheless a highly idealized theoretical model. In reality, there are many complicated, non-hard-sphere colloidal mixtures. Even in the study of the model colloidal mixtures, the particles used in the experiments are stabilized either by surface charges or by a layer of surfactant molecules and hence the interparticle potential has a weak repulsive tail. The interaction potentials for the surfactant aggregates and polymer molecules are probably much softer than that of the hard spheres. Measurements of phase behavior and other thermodynamic properties are useful in studies of macroscopic properties of the binary mixtures, but they are much less sensitive to the details of the molecular interactions in the system. Microscopic measurements, such as radiationscattering experiments, therefore are needed to directly probe the molecular interactions in the mixtures. With this knowledge, one can estimate the phase stability properties of the-*Author to whom correspondence should be addressed. binary mixtures in a straightforward way. ͑The reverse process of inferring the intermolecular interactions from the phase behavior is much more problematic and unsure.͒ The study of microscopic interactions complements the macroscopic phase measurements. With both microscopic and macroscopic measurements, one can verify assumptions and test predictions of various theoretical models for the depletion effect ͓3,4,19,20͔. These measurements are also useful for the further development of the depletion theory to a more general form, so that non-hard-sphere interactions can be included.
In contrast to many previous experimental studies ͓19-22͔, which mainly focus on the phase behavior of the colloid-polymer mixtures, we have recently carried out a laser light-scattering study of the depletion interaction in a mixture of a hard-sphere-like colloid and a nonadsorbing polymer ͓23͔. In the experiment, the second virial coefficient of the colloidal particles as a function of the free-polymer concentration was obtained from the measured concentration dependence of the scattered light intensity from the mixture. The experiment demonstrated that our light-scattering method is indeed capable of measuring the depletion effect in the colloid-polymer mixture. However, the interpretation of the measurements was somewhat complicated by the unwanted scattering from the polymer. Assumptions were made in order to deal with the interference effect between the colloid and the polymer.
In this paper we report a small-angle neutron scattering ͑SANS͒ study of the depletion interaction in the same colloid-polymer mixture. The use of SANS with isotopically mixed solvents eliminates the undesirable scattering from the polymer. In the experiment, we measure the colloidal ͑par-tial͒ structure factor S c (Q) over a suitable range of the scattering wave number Q. The measured S c (Q) is directly related to the interaction potential U(r) and therefore it provides more detailed information about the colloidal interaction in the polymer solution than the second virial coefficient does. The colloidal particle chosen for the study consisted of a calcium carbonate ͑CaCO 3 ͒ core with an adsorbed monolayer of a randomly branched calcium alkylbenzene sulphonate surfactant. The polymer we used was hydrogenated polyisoprene, a stable straight-chain polymer. Both the polymer and the colloidal particles were dispersed in a good solvent, decane. Such a nonaqueous colloid-polymer mixture is ideal for the investigation attempted here since the colloidal suspension is approximately a hard-sphere system and both the colloid and the polymer have been well characterized previously using various experimental techniques. Because the basic molecular interactions are tuned to be simple, the SANS measurements in the colloid-polymer mixture can be used to critically examine the current theory for the depletion effect ͓3,4,19,20͔.
The paper is organized as follows. In Sec. II, we review the scattering theory for a mixture of a colloid and a nonadsorbing polymer and present the calculation of the colloidal structure factor S c (Q) using the potential U(r) for the polymer-induced depletion attraction. Experimental details appear in Sec. III, and the results are discussed in Sec. IV. Finally, the work is summarized in Sec. V.
II. THEORY

A. Scattering from a mixture of colloidal particles and polymer molecules
Consider the scattering medium to be made of a mixture of colloidal particles and nonadsorbing polymer molecules. The total scattered intensity from the mixture can be written as ͓23,24͔
where the subscripts c and p are used, respectively, to identify the colloid and polymer and K ␣ is the scattering length density of the ␣ component, which has taken into account the contrast between the ␣ component and the solvent. The scattering wave number Qϭ(4/ 0 )sin͑/2͒, with 0 being the wavelength and the scattering angle. The function ⌺ ␣␤ (Q) in Eq. ͑1͒ has the form
where r j ␣ is the position of the jth monomer of the ␣ component and N ␣ is the total number of the monomers in the sample volume V. The angular brackets indicate an average over all possible configurations of the molecules.
The function ⌺ ␣␤ (Q) measures the interaction between the components ␣ and ␤ in the mixture. In the experiment to be described below, we are interested in the polymer-induced depletion attraction between the colloidal particles and thus the scattering length density of the solvent is chosen to be the same as that of the polymer. In this case, the polymer molecules become invisible to neutrons (K p ϭ0) and Eq. ͑1͒ becomes
In the above, c is the number density of the colloidal particles and P c (Q) is their scattering form factor. The partial structure factor S c (Q) measures the interaction between the colloidal particles and it is proportional to the Fourier transform of the radial distribution function g c (r) for the colloidal particles. Experimentally, S c (Q) is obtained by
where K c 2 P c (Q) is the scattered intensity per unit concentration measured in a dilute pure colloidal suspension, in which the colloidal interaction is negligible and thus S c (Q)ϭ1.
B. Calculation of the form and structure factors for colloidal particles
As mentioned in Sec. I, our colloidal particle consists of a calcium carbonate core with an adsorbed monolayer of surfactant molecules. A simple core-shell model, as shown in Fig. 1 , has been used to characterize the microstructure of the particles ͓25-27͔. The form factor P c (Q) for the core-shell model is
͑6͒
In the above, R c is the core radius, ␦ is the shell thickness, and b c , b s , and b m are the coherent scattering length densities of the core, shell, and solvent, respectively. When the particles are not uniform in size, the average form factor takes the form
where g(R c ) is the probability distribution for the core radius R c . To reduce the fitting parameters, we have assumed in
Eq. ͑7͒ that the shell thickness ␦ is a constant. Previous experiments ͓28,29͔ have shown that for a narrow size distribution g(R c ), the measured ͗P c (Q)͘ is not very sensitive to the detail functional form of g(R c ). For simplicity, we now use the Schultz distribution to model the size distribution of our particles. The Schultz distribution function has the form
where R 0 is the mean core radius and ⌫(x) is the gamma function. The normalized standard deviation ͑or the polydispersity͒ ⑀ is related to the parameter z via ⑀ϵ͗(R c ϪR 0 )
. With the Schultz distribution function, one can calculate ͗P c (Q)͘ in Eq. ͑7͒ using a simple numerical integration method.
To calculate the structure factor S c (Q), one needs first to solve the Ornstein-Zernike equation for the direct correlation function C(r) using a known interaction potential U(r) ͓30͔. Asakura and Oosawa ͓1͔ have derived an effective interaction potential U(r) for the colloidal particles in a nonadsorbing polymer solution. It is assumed in the model that the colloidal particles are hard spheres and the polymer molecules behave as hard spheres toward the colloidal particles but can freely penetrate with each other. Under this approximation, U(r) takes the form ͓1,2͔
U͑r ͒ϭ ͭ ϩϱ, rр
where is the particle diameter, ⌸ p is the osmotic pressure of the polymer molecules, and R g is their radius of gyration. The volume of the overlapping depletion zones between the two colloidal particles at a separation r is given by ͓1,2͔
where v p ϭ(4/3)R g 3 is the volume occupied by a polymer chain and ϭ1ϩ2R g /. This potential has been used to calculate the phase diagram of the binary system ͓3,4͔, and recent phase measurements of several colloid-polymer mixtures have shown qualitative agreement with the calculation ͓18-20͔.
When the potential U(r) is constituted by a hard core plus a weak attractive tail as in Eq. ͑9͒, the direct correlation function C(r) can be obtained under the mean spherical approximation ͑MSA͒, which is a perturbative treatment to the Percus-Yevick equation ͓30͔. Under the MSA, we have
where k B T is the thermal energy and C HS (r) is a known direct correlation function for the simple hard-sphere system ͓31,32͔. Note that C(r) is constituted by two parts: ͑i͒ a hard core that involves the colloid diameter and its volume fraction c and ͑ii͒ an attractive tail with the dimensionless amplitude Pϭ⌸ p v p /(k B T) and the range parameter . With Eqs. ͑9͒-͑11͒, we calculate the Fourier transform C(Q) of C(r) ͑see the Appendix͒ and obtain the structure factor S c (Q) via the well-known relation ͓30͔
C. Scattering from flexible polymer chains
Because of the chain flexibility and interchain penetration, the scattered intensity I(Q) from a polymer solution cannot be generally written as a product of the form factor P p (Q) and the structure factor S p (Q). However, Zimm has shown ͓33,34͔ that when two different polymer chains are assumed to have only a single contact, P p (Q) can still be factored out from the measured I(Q). Under this single-contact approximation, I(Q) takes the form 
I͑Q ͒ϭ
K 0 p ЈM p P p ͑ Q ͒ 1ϩ2͑A 2 ͒ p M p p ЈP p ͑ Q ͒ .
͑13͒
In the above, K 0 is an instrumental constant, p Ј is the poly-
, M p is the molecular weight, and (A 2 ) p is the second virial coefficient. Zimm initially derived Eq. ͑13͒ in a low polymer concentration limit and later Benoit and Benmouna ͓35,36͔ generalized the equation to a high concentration regime using the mean-field theory of Ornstein and Zernike ͓35͔. For a dilute polymer solution, Eq. ͑13͒ can be rearranged to read
͑14͒
For small values of Q, we have P p (Q)Ӎ1Ϫ(QR g ) 2 /3 and thus Eq. ͑14͒ becomes
͑15͒
With Eq. ͑15͒ one can obtain values of K 0 M p , R g 2 , and (A 2 ) p M p by linearly extrapolating the scattering data p Ј/I(Q) to the limits of p Ј→0 and Q 2 →0, respectively. Using Eq. ͑13͒, one can also obtain the polymer structure factor S p (Q)ϭI(Q)/͓K 0 p ЈM p P p (Q)͔, which has the form
III. EXPERIMENT
A. Sample preparation
As mentioned in Sec. I, our colloidal particle consists of a CaCO 3 core with an adsorbed monolayer of a randomly branched calcium alkylbenzene sulphonate surfactant. The synthesis procedures used to prepare the colloid have been described by Markovic et al. ͓25͔ . These particles have been well characterized previously using SANS and small-angle x-ray scattering ͑SAXS͒ techniques ͓25-27͔ and they are used as an acid-neutralizing aid in lubricating oils. The molecular weight of the particle is M c ϭ300 000Ϯ15%, which was obtained from a sedimentation measurement ͓23͔. The colloidal suspensions were prepared by diluting known amounts of the concentrated suspension with the solvent, decane. The suspensions were then centrifuged at an acceleration of 10 8 cm/s 2 ͑10 5 g͒ for 2.5 h to remove any colloidal aggregates and dust. The resulting colloidal suspensions were found to be relatively monodispersed with ϳ10% standard deviation in the particle radius, as determined by dynamic light scattering ͓23͔.
The polymer used in the study was hydrogenated polyisoprene ͓poly-ethylene-propylene ͑PEP͔͒, a straight-chain polymer synthesized by an anionic polymerization scheme ͓37,38͔. The PEP is a model polymer ͑with M w /M n Ͻ1.1͒, which has been well characterized previously using various experimental techniques ͓37-39͔. The molecular weight of the PEP was M p ϭ26 000 amu. The molecular weight characterization was carried out by size exclusion chromatography, which was made with a Waters 150-C SEC instrument using -Styragel columns and tetrahydrofuran as the elution solvent. To vary the scattering contrast, both hydrogenated decane ͑Aldrich, Ͼ99% pure͒ and deuterated decane ͑Cam-bridge Isotope Laboratories, Ͼ99% deuterated͒ were used as solvents. Decane has been found to be a good solvent for both the colloid and PEP ͓23͔. The scattering length densities of the colloid, the PEP polymer, and the solvents used in the experiment are listed in Table I . Some of the values in the table are taken from Refs. ͓25-27͔.
B. Small-angle neutron-and x-ray-scattering measurements
The SANS measurements of the pure colloidal samples and the mixture samples were performed at the High Flux Beam Reactor in the Brookhaven National Laboratory. The incident neutron wavelength 0 ϭ7.05Ϯ0.4 Å and the usable Q range was 0.007 Å . The SAXS measurements of dilute colloidal samples were performed on a high-resolution spectrometer at the Oak Ridge National Laboratory. The incident x-ray wavelength 0 ϭ1.54Ϯ0.04 Å and the usable Q range was 0.014 Å Ϫ1 рQр0.31 Å
Ϫ1
. All the scattering measurements were conducted at room temperature. The neutronscattering sample cells were made of quartz and the x-rayscattering cells were made of Kapton; both types of cells had a path length of 1 mm. The raw scattered intensity I r (Q) ͑counts/h͒ was measured by a two-dimensional detector. The corrected intensity I(Q) was obtained by applying the standard corrections due to the background intensity, solvent scattering and sample turbility via
and subsequently computing the azimuthal average. In the above, I b (Q) is the background scattering when the neutron beam is blocked, I s (Q) is the scattered intensity from the solvent, and T r and T s are the transmission coefficients for the scattering sample and the solvent, respectively. To eliminate the inhomogeneity of detector's sensitivity at different pixels, we normalized the scattering data ͑both neutron and x-ray͒ with isotropic scattering standards. The structure factor S c (Q) for the pure colloid samples and the mixture samples were obtained by using Eq. ͑4͒. 
IV. RESULTS AND DISCUSSION
A. Pure colloids Figure 2͑a͒ shows the SAXS data for the dilute pure colloidal suspension in decane at the concentration c Јϭ1 wt. %. Because the x-ray-scattering length density for the surfactant shell is about the same as that of decane ͑see Table  I͒ , the scattering is dominated by the CaCO 3 core ͓27͔. The solid curve in Fig. 2͑a͒ is the calculated ͗P c (Q)͘ for the polydispersed spheres using Eqs. ͑7͒, ͑5͒, and ͑8͒ with b s ϭb m . Since the shell thickness ␦ is absent from the fitting, one can determine the core radius more accurately from the SAXS data. There are three fitting parameters in the plot: the mean core radius R 0 , the polydispersity parameter z, and the scattered intensity I 0 at Q→0. Figure 2͑b͒ shows the SANS data for the dilute colloidal suspension in deuterated decane at c Јϭ1 wt. %. Because the neutron-scattering length density of the surfactant shell is much different from that of deuterated decane ͑see Table I͒, the scattering from the surfactant shell is more pronounced in the SANS data. It is seen from Fig. 2͑b͒ that the scattering from the surfactant shell exhibits a sharp minimum, which entails a tight fit for the shell thickness ␦. The solid curve in Fig. 2͑b͒ is the calculated ͗P c (Q)͘ for the polydispersed core-shell particles using Eqs. ͑7͒, ͑5͒, and ͑8͒. In the calculation, the neutronscattering densities for the CaCO 3 core, the surfactant shell, and deuterated decane are taken from Table I and R 0 is fixed at the value determined from the SAXS data. As a result, there are only three parameters left in the fitting: ␦, z, and I 0 .
The fitting results for the dilute colloidal suspension are listed in Table II and they agree well with previous SAXS and SANS measurements ͓25-27͔. From the fitted value of z, we find the polydispersity of the core radius to be ⑀Ӎ25%, which is slightly larger than that determined by dynamic light scattering ͑⑀Ӎ10%͒ ͓23͔. The fact that the value of z obtained from the SANS data is smaller than that from the SAXS data suggests that the surfactant shell is also somewhat polydispersed ͓27͔. We now discuss the structure factor S c (Q) of the concentrated pure colloidal suspensions in decane measured by SANS. Figure 3 shows the measured S c (Q) for three colloid concentrations: ͑a͒ c Јϭ26.2 wt. %, ͑b͒ 17.5 wt. %, and ͑c͒ 8.7 wt. %. The solid curves are the fits to the simple hardsphere structure factor ͓40,41͔, which can be obtained by taking U(r)ϭ0 for rϾ in Eq. ͑11͒. There are two fitting parameters in the hard-sphere model: the volume fraction c and the hard-sphere diameter . The fitted values of c and for different colloidal concentrations are given in Table III . Because the centrifugation process removed some colloidal aggregates and dust from the master colloidal solution, the nominal mass concentration of the colloidal samples has some uncertainties. However, the ratios of the concentrations are accurate and the ratios of the fitted c in Table III agree well with them. It is seen from Table III that the fitted remains constant for different colloid concentrations and its best fit value is ϭ7.7 nm. This value is very close to the measured particle size 2(R 0 ϩ␦) ͑ϭ8.0 nm͒ as listed in Table II . Because the surfactant shell of the colloidal particle is ''soft,'' we expect its effective hard-shell thickness to be smaller than ␦. Figure 3 clearly shows that the hard-sphere model fits the low concentration data well. As the colloid concentration increases, the measured S c (Q) starts to deviate from the hard-sphere model in the small-Q region. The deviation can be attributed to a weak repulsion between the soft surfactant shells, since the measured S c (0) is smaller than the hardsphere value. The colloidal particles ''feel'' more and more repulsion when their separation is decreased. Because the deviation in the small-Q region is small, the measured S c (Q) becomes insensitive to the detail functional form of the soft repulsion in U(r). We have tested several functional forms for the repulsive tail, such as an exponential decaying func-
FIG. 2. Measured scattering intensity I(Q)
as a function of Q for the dilute pure colloidal suspensions. ͑a͒ SAXS data from the colloid-decane suspension at the concentration c Јϭ1 wt. % and ͑b͒ SANS data from the colloid-deuterated-decane suspension at c Ј ϭ1 wt. %. The solid curve in ͑a͒ is a fit to the form factor of the polydispersed spheres and that in ͑b͒ is a fit to the form factor of the polydispersed core-shell particles. tion and a square barrier, and found that all these functions fit the data equally well. The dashed curves in Fig. 3 show the calculated S c (Q) for the hard spheres with a square repulsive barrier, which fit the data better than the hard-sphere model in the small-Q region. Sharma and Sharma ͓42͔ have calculated S c (Q) for a hard-core potential with an attractive square well. Here we simply change the sign of the attractive well to model the repulsive barrier. There are four parameters in the model: the volume fraction c , the diameter , the barrier height ͑in units of k B T͒, and the barrier width ␥. A dimensionless parameter is defined as ϭ1ϩ␥/. The fitting results are summarized in Table III . It is seen that the fitted values of and c are the same as those from the hard-sphere model. The fitted barrier height is found to be small compared to the thermal energy k B T ͑the negative sign indicates repulsion͒ and it increases slightly with the colloid concentration as discussed above. It is also found from the fitting that a fixed value of ͑ϭ2.0͒ can be used to fit all the data with different concentrations. This value of suggests that the soft repulsion range is approximately the same as the hard-core diameter . Previous SANS measurements for the same colloid have also shown this relatively large interaction range ͓26͔. The above measurements for the pure colloidal samples reveal that the microstructure of the particles can be well described by the simple core-shell model and the colloidal suspension is approximately a hard-sphere system. Our data analysis for the particle form factor is somewhat complicated by the small polydispersity of the samples and the interparticle potential is slightly affected by the weak repulsion between the soft surfactant layers. Figure 4͑a͒ shows the Zimm plot of the SANS data for the pure PEP in deuterated decane with the polymer concentration p Ј ranging from 0.0072 to 0.0634 g/cm 3 . The SANS data are found to be well described by the Zimm relation as shown in Eq. ͑15͒ ͓for clarity we did not draw the linear extrapolation lines in Fig. 4͑a͔͒ . From the Zimm analysis, we find that the polymer chains have a radius of gyration R g ϭ8.28 nm and their second virial coefficient A 2 M p ϭ44.4 cm 3 /g. With the measured A 2 one can define a thermodynamic radius ͑an effective hard-sphere radius͒ R T via 4(4/3)R T 3 ϭA 2 M p 2 . Thus we have R T ϭ4.85 nm, which agrees well with our previous light-scattering measurement ͓23͔. It is shown in Eq. ͑14͒ that when the scattering data p Ј/I(Q) at a fixed Q is plotted as a function of p Ј , a linear
B. Pure polymers
Ϫ1 . The zeroth curve in Fig. 4͑a͒ shows the extrapolated
Ϫ1 . Using the known value of K 0 M p ͑ϭ0.0036, determined from the Zimm plot͒, we obtain the polymer form factor P p (Q) as shown in Fig. 4͑b͒ . The large-Q portion of P p (Q) is found to be well described by the power law 1/[0.64(QR g )
1/ ] ͑solid line͒, with ϭ 3 5 being the Flory exponent for threedimensional polymer chains ͓43͔.
With the extrapolated P p (Q), one can obtain the polymer structure factor S p (Q)ϭI(Q)/͓K 0 p ЈM p P p (Q)͔ from the concentrated polymer samples. Figure 5 shows the measured S p (Q) of the PEP polymer in deuterated decane for three polymer concentrations. The solid curves show the calculated S p (Q) using Eq. ͑16͒ and the extrapolated P p (Q) in Fig. 4͑b͒ . Because hydrogenated polymer samples are used wt. %, ͑b͒ 17.5 wt. %, and ͑c͒ 8.7 wt. %. The solid curves are the fits to the hard-sphere model and the dashed curves correspond to a hard-core potential with a repulsive barrier.
in the experiment, the hydrogen atoms in the polymer sample contribute a small amount of incoherent scattering to the total intensity I(Q) ͓which is proportional to S p (Q)͔. To describe the Q-independent incoherent scattering, we introduce an additive noise term to the calculated S p (Q) in Eq. ͑16͒. The fitted values of A 2 M p and are listed in Table IV . It is seen from Table IV that the contribution of the incoherent scattering to the total intensity is at a few percent level. This is consistent with our calculation of the incoherent scattering intensity for the PEP using the known incoherent cross section of the hydrogen atoms. The fitted values of A 2 M p are very close to that obtained from the Zimm analysis and they do not change very much in our working range of the polymer concentration. Figure 5 thus demonstrates that Eqs. ͑13͒ and ͑16͒ can indeed be used to describe the scattering data from the concentrated polymer samples. The measured S p (Q) in Fig. 5 shows a typical correlation hole for the polymer chains ͓43͔ and is very different from the structure factor of either a hard-sphere system ͑see Fig. 3͒ or an ideal gas ͑polymer at ⌰ point͒. These two models have been widely used to describe the polymer molecules in the colloidal suspension ͓2,22͔.
C. Mixtures of colloids and polymers
We now discuss the SANS data from the colloid-PEPdecane mixtures. Some of the results in this section have been briefly reported in Ref. ͓44͔ . Because decane and the PEP are both protonated, the polymer chains in the mixture are invisible to neutrons. To reduce the fitting ambiguity and pinpoint the control parameters for the depletion effect, we prepared three series of mixture samples with c Јϭ26.2, 17.5, and 8.7 wt. %, respectively. For each series of the samples, c Ј was kept the same and the polymer concentration p Ј was increased until the mixture became phase separated ͑except for the series with c Јϭ8.7 wt. %͒ with a visible interface, which separates the dark-brown colloid-rich lower phase from the light-brown colloid-poor upper phase. In this way all the colloidal parameters remain unchanged and one can clearly see the effect of adding polymer to the colloidal suspensions. Our previous light-scattering measurements ͓23͔ have revealed that the PEP chains do not adsorb onto the colloidal surfaces and the phase separation in the colloid-PEP mixture samples occurs at the concentrations very close to the depletion prediction. Figure 6 compares the measured S c (Q) for three values of p Ј when ͑a͒ c Јϭ26.2 wt. %, ͑b͒ c Јϭ17.5 wt. %, and ͑c͒ c Јϭ8.7 wt. %. It is seen that the main effect of adding PEP is to increase the value of S c (Q) in the small-Q region, whereas the large-Q behavior of S c (Q) remains nearly unchanged. As the colloid concentration increases, the effect of adding PEP becomes more and more pronounced. Since .0072 ͑open circles͒, 0.0276 ͑closed circles͒, and 0.0634 ͑open triangles͒. The solid curves are the calculated S p (Q) using Eq. ͑16͒ and the extrapolated P p (Q) in Fig. 4͑b͒ . S c (0) is proportional to the isothermal ͑osmotic͒ compressibility of the colloidal solution, an increasing S c (0) with p Ј indicates an increase in the attraction between the colloidal particles. Figure 6 thus reveals a notable feature for the polymer-induced depletion attraction between the colloidal particles. The solid curves in Fig. 6 are the fits to Eq. ͑12͒ using the potential U(r) in Eq. ͑9͒. There are four parameters in the fitting: The volume fraction c and the diameter are for the hard-core potential; and the interaction amplitude P and the range parameter describe the attraction tail.
The fitting results are summarized in Table V . It is seen from Table V that for a fixed colloid concentration, the fitted values of and c do not change very much with the polymer concentration and they are close to those obtained from the corresponding pure colloidal suspensions ( p Јϭ0). Furthermore, the fitted also remains constant for different c Ј and p Ј and its best fit value is ϭ2.9. This value is close to the calculated ϭ1ϩR g /(R 0 ϩ␦)ϭ3.07. In the literature, R g is commonly used as the effective colloidpolymer interaction range ͓18͔ and we have adopted the same convention in Eq. ͑9͒. Because polymer chains are penetrable, we expect that the actual colloid-polymer interaction range is in between the radius of gyration R g and the thermodynamic radius R T , which measures the polymer-polymer interaction range. From the fitted value of , we find the effective colloid-polymer interaction range to be 7.6 nm, which is about 10% smaller than R g but 60% larger than R T .
To the authors' knowledge, this is the first time that a microscopic measurement is performed to provide quantitative information about the interaction range of the depletion attraction. With the above three fitting parameters fixed, we were able to fit all the scattering data from different mixture samples ͑19 samples in total͒ with only one free parameter: the interaction amplitude P. It should be pointed out that in the above data analysis, we have assumed that the colloidal particles are identical and have considered only the polymer-induced depletion interaction between the colloidal particles. In principle, the polydispersity in particle size and a small amount of surfactant aggregates in the mixture could also introduce depletion attractions, which may cause some degree of fractionation or association in the pure colloidal suspension ͓11,45͔. However, because the size difference between the colloidal particles is small and the polymer chains are much larger than the surfactant aggregates, the depletion effect due to the surfactant aggregates and the polydispersity in particle size should be very weak compared to the polymer-induced depletion effect and therefore it is not likely to affect our data analysis. This argument is further supported by the following facts. ͑i͒ We did not observe any substantial amount of attraction in the measured S c (Q) for the pure colloidal samples. As shown in Fig. 3 , the measured S c (Q) of the pure colloidal suspensions can be well described by a hard-core potential with a weak repulsive tail. ͑ii͒ Because the colloidal parameters are the same for each series of the mixture samples with same c , the effect seen in Fig. 6 is solely due to the addition of PEP into the colloidal suspension. ͑iii͒ Furthermore, the main effect of the small polydispersity in particle size is to average out the oscillations of S c (Q) in the large-Q range beyond the first peak position, whereas the effect of adding polymer, as shown in Fig. 6 , is to increase the value of S c (Q) in the small-Q range. Figure 7͑a͒ shows 3 . In the above, ϭ2R g / is the size ratio of the polymer chain to the colloidal particle. At low c , we have ␣( c )ϭ1Ϫ c (1ϩ) 3 , where c (1ϩ) 3 is the volume fraction occupied by the colloidal particles and their surrounding depletion zones. It should be mentioned that Eq. ͑18͒ holds only when р1. For our mixture samples, however, the polymer chains are larger than the colloidal particles. In this case, Eq. ͑18͒ overestimates the volume fraction of the depletion zones and the resulting ␣( c ) becomes underestimated. For example, when c ϭ0.14 and ϭ 8.28 4.0 ϭ2.07, we have ␣( c )Ӎ1Ϫ c (1ϩ) 3 ϭϪ3.05. Clearly, this is an unphysical value for ␣( c ). Gast, Hall, and Russel ͓3͔ have shown that this failure in getting the correct volume for the overlapping depletion zones results from the many-body effect on the mutual overlap of the excluded shells of three or more colloidal particles. In analyzing the fitting results for P, we find that if /(2R g ), instead of 2R g /, is defined as the size ratio , Eq. ͑18͒ can still be used to calculate ␣( c ). As shown in Fig. 7͑b͒ , once p is scaled by the calculated ␣( c ) using Eq. ͑18͒ with ϭ/(2R g ), the three curves in Fig. 7͑a͒ collapse into a single master curve. The solid curve in Fig. 7͑b͒ is the fitted function PϭϪ0.054ϩ0.178( p /␣)Ϫ0.0245( p /␣) 2 . The fitted P consists of three terms. The small negative intercept indicates that there is a weak repulsive interaction between the soft surfactant shells of the colloidal particles ͑see the discussion in Sec. IV A͒. To have a meaningful comparison with the fitted P for the mixture samples, here we have used the same U(r) as in Eq. ͑9͒, but changed the sign of U(r) for rϾ to fit the measured S c (Q) of the pure colloidal samples. The three data points at p ϭ0 in Fig. 7͑a͒ were obtained using the potential U(r) in Eq. ͑9͒ with ϭ2.9. The linear coefficient of P should be unity for noninteracting polymer chains ͑an ideal gas͒, but our fitted value is 0.178. One plausible reason for the deviation is that with the effective potential approach, the polymer molecules are assumed to be smaller than the colloidal particles and their number density should be much higher than that of the colloidal particles. In our experiment, however, these two assumptions are not strictly satisfied and thereby the overlap volume V 0 (r) in Eq. ͑10͒ is overestimated. As a result, the fitted P is smaller than its actual magnitude because U(r) in Eq. ͑9͒ is proportional to the product of V 0 (r) and P. Another possibility is that in calculating p ϭ p Ј/*, a characteristic length smaller than R g should be used for the polymer chains. For example, if the thermodynamic radius R T is used to estimate p , the linear coefficient will be increased by a factor of (R g /R T ) 3 ϭ(8.28/4.85) 3 Ӎ5. The polymer-polymer interaction, which gives rise to the quadratic term in the fitted P, can have two competing effects on the depletion attraction. It may either increase P because the osmotic pressure of the bulk polymer solution is increased or reduce the depletion attraction because the osmotic pressure inside the narrow gap between two colloidal particles is substantially increased when the distance of the two colloidal surfaces becomes large enough such that a monolayer of polymer molecules can stay in the gap ͓46͔. Figure 7͑b͒ clearly shows that the polymer-polymer interaction tends to reduce the depletion attraction. Recent theoretical calculations ͓46-48͔ of the depletion attraction between two parallel plates immersed in an interacting polymer ͑or particle͒ solution have shown that the enhanced osmotic pressure within the gap between the two colloidal particles can overcome the osmotic pressure increase in the bulk polymer solution and thus produce a repulsive barrier in addition to the usual attractive well shown in Eq. ͑9͒. In these calculations, the effective colloid-polymer interaction range is assumed to be a constant ͑say, R g ͒ independent of the polymer concentration. As a result, the calculations are applicable only to the binary hard-sphere systems, in which the depletants are rigid spheres ͓46͔. For flexible polymer chains in the semidilute regime ( p Ͼ1), the polymer chain-chain interactions are screened over a distance of the order of the correlation length ͑or mesh size͒ b ӍR g p Ϫ3/4 , which decreases with increasing polymer concentration ͓43͔. In this regime, the self-consistent mean-field calculation by Joanny, Leibler, and de Gennes ͓49͔ indicates that the polymer segments are depleted from a shell of thickness b around each colloidal particle. The fact that the depletion layer thickness b shrinks with increasing p in the semidilute regime can be used to explain the leveling-off effect of the fitted P in Fig. 7͑b͒ . We note from Fig. 7͑b͒ that at the highest polymer concentration p Ӎ4, the fitted P even starts to decrease. Clearly, if this trend for P continues, the colloid-polymer mixtures can be restabilized at higher polymer concentrations. Gast and coworkers ͓50,51͔ have used the shrinking effect of b to predict the equilibrium restabilization of electrically and sterically stabilized colloidal particles in free polymer solutions. Further experimental and theoretical studies are needed in order to have a quantitative comparison for the polymerinduced depletion potential U(r) in the semidilute regime.
V. CONCLUSION
Small-angle neutron-and x-ray-scattering techniques have been used to study the depletion interaction in a mixture of a hard-sphere-like colloid and a nonadsorbing polymer. The colloidal particles used in the study were sterically stabilized CaCO 3 nanoparticles, the polymer used was hydrogenated polyisoprene, and the solvent was decane. By matching the scattering length density of the solvent with that of the polymer, we measured the ͑partial͒ colloidal structure factor S c (Q) of the mixture samples as well as the form and the structure factors of the pure colloidal suspension and the pure polymer solution. Under the mean spherical approximation, we calculated S c (Q) using an effective interaction potential U(r) for the polymer-induced depletion attraction between the colloidal particles. It is found that the measured S c (Q) for different colloid and polymer concentrations can be well described by the depletion potential U(r). The fitted amplitude P of the depletion attraction is found to increase linearly with the polymer volume fraction p up to p Ӎ1. At higher volume fractions, the polymerpolymer interaction becomes important and results in a gradual reduction in the depletion attraction. The experiment reveals that the interaction amplitude P becomes independent of the colloid concentration, once the free volume not occupied by the colloidal particles and their surrounding depletion zones is used to calculate p . The experiment also shows that the interaction range for the depletion attraction is about 10% smaller than the radius of gyration R g of the polymer chains. Because the polymer molecules can be used to continuously change the range and the amplitude of the depletion interaction, our experiment depicts the effectiveness of using polymer to study interaction-related phenomena in colloidal suspensions.
